AbstractÐA diverse range of volumetric display systems has been proposed during the last 90 years. In order to facilitate a comparison between the various approaches, the three subsystems that comprise displays of this type are identified and are used as a basis for a classification scheme. The general characteristics of a number of volumetric display system configurations are examined, with emphasis given to issues relating to the predictability of the volume within which images are depicted. Key characteristics of this image space are identified and the complex manner in which they depend upon the display unit subsystems are illustrated for several current volumetric display techniques.
INTRODUCTION
V OLUMETRIC three-dimensional (3D) display systems permit the generation, absorption, or scattering of visible radiation from a set of localized regions (voxels) within a transparent volume (image space). Under appropriate computer control, images of suitable voluminous data may be constructed. Since these images are able to occupy three physical dimensions, a number of visual depth cues, such as binocular parallax, motion parallax, and accommodation, are naturally satisfied. Many volumetric systems permit a practically unrestricted range of viewing position and this, together with the inherent three-dimensionality of the displayed images, denotes the essential differences between volumetric systems and other 3D display methodologies.
The great diversity of approaches which have been adopted since 1912 [1] in the implementation of volumetric system prototypes has made it difficult for standardized terminology and design strategies to emerge and this has often precluded meaningful comparison between different volumetric display implementations and with other types of 3D display. Several recent publications [2] , [3] have grouped volumetric systems according to the manner in which the image space is createdÐeither by a rapidly moving surface or a static arrangement of suitable materials or components. Although this aspect of a volumetric system's implementation has a considerable impact upon performance, other display subsystems are of equal relevance, namely the physical process which gives rise to visible voxels within an image space and the mechanisms employed for the stimulation or activation of this process.
Research conducted into volumetric systems has generally been focused upon detailed implementation issues and a systems-level approach to their design and characterization has not been adopted. This has resulted in a considerable repetition of effort and has given rise to display systems whose overall performance has generally been unsatisfactory. Frequently, volumetric architectures have lacked predictability in the number, shape, position, and distribution of the voxels comprising the displayed image and, hence, in its perceived quality. Furthermore, the optical characteristics of the image space have often been inadequate. Consequently, images have often been depicted most advantageously when positioned within a particular (and limited) region of the image space, oriented in a certain way, and viewed from a particular location. This is undesirable since it has made it necessary for the operator to have a detailed understanding of the underlying techniques employed in the display systems implementation. Furthermore, when depicted upon such a system, the faithful reproduction of a data set cannot be assured and, so, important information may be inadvertently lost.
In Section 2, some terminology and the three subsystems that comprise a volumetric display are defined. A bottomup classification scheme based upon the nature of these subsystems is then presented. This extends the existing classification based upon the approach to image space creation, is able to accommodate most (if not all) volumetric implementations that have been proposed to date, and forms a basis for discussions relating to the characteristics of various display system implementations. In Section 3, essential metrics, referred to as the voxel activation capacity, voxel location capacity, and fill factor, are introduced and various characteristics that influence the predictability of a volumetric system are described. These relate to homogeneity and isotropy with respect to voxel placement and voxel density, voxel attribute independence, voxel dispersal, and the general optical properties of an image space. These characteristics have, to a varying degree, been lacking in the systems proposed to date. The importance of these issues is demonstrated by considering the extent to which they are supported by various classes of volumetric display.
Within this work, we restrict our definition of volumetric display systems to those in which the image space takes the form of a physical volume and exclude approaches such as the varifocal mirror technique [4] in which the image is portrayed in a virtual region.
A BOTTOM-UP CLASSIFICATION SCHEME FOR VOLUMETRIC DISPLAY SYSTEMS
The term volumetric display unit is used when referring to the physical hardware that, in response to electrical stimuli, is responsible for the creation of the visible image. The expression volumetric display system is assumed to encompass both the display unit and the associated graphics engine hardware and software that are required for data processing, control and, if necessary, the calibration of the display unit. After processing by the graphics engine, the image data takes the form of a set of voxel descriptors that are applied to the display unit. Various voxel attributes (such as shape and volume) are dictated by the physical techniques employed in the implementation of the display unit. However, other attributes (such as location, color, intensity, and, perhaps, in the case of future display units, opacity) may be defined within each voxel descriptor. Any volumetric display unit comprises three major subsystems relating to image space creation, voxel generation, and voxel activation. The nature of these subsystems may be used to provide a bottom-up approach to the classification of volumetric display technologies.
Image Space Creation Subsystem
The image space creation subsystem defines the technique employed in the formation of the transparent physical volume within which images may be cast. In the most general terms, there are two approaches to image space creation. First, a display unit may employ the cyclic motion of a surface that sweeps out an image space and, so, defines its maximum extent. Configurations in which this approach is employed are classified as swept volume display units. Alternatively, an image space may comprise a static material (or arrangement of materials). Display units of this type, which place no reliance upon mechanical motion, are classified as static volume display units.
Swept volume display units may be subclassified according to the nature of the motion of the surface, either rotational or translational, and its geometrical form (Fig. 1) . The Cathode Ray Sphere (CRS) [5] and the Helix-Laser 3D (HL3D) [6] systems provide examples of swept volume display units employing rotational motion. In the case of the CRS, the image space is created by the rotational motion of a planar surface, whereas the HL3D display employs a surface which is helical in form. A number of attempts have been made to implement swept volume systems employing translational motion [7] , [8] , [9] . However, in order to depict images that are tolerably free from flicker, the surface must traverse the image space at frequencies in excess of 25Hz and it has proven difficult to implement mechanisms able to sweep out an image space of useful dimensions at this rate.
The classification structure for static volume display units (Fig. 2) emphasizes the importance of the optical characteristics of the image space. Should the image space comprise a single material, the volume will be optically homogeneous. Alternatively, should an active matrix of discrete voxel generation centers be employed in its implementation, the volume is likely to be optically nonhomogeneous and this will adversely impact upon the rectilinear propagation of light as it crosses the image space, leading to a variation in image quality with viewing direction.
Voxel Generation and Voxel Activation Subsystems
The voxel generation subsystem represents the physical technique employed for the production of visible voxels. In the case of swept volume display units, the surface may be passive and, by means of an external stimulus, defined by the voxel activation subsystem, may be induced to emit light at specified locations. The CRS provides an example of a display unit employing a passive approach to voxel generation. In this case, the planar surface comprises a short persistence phosphor and voxel activation is achieved by one or more directed electron beams that impinge upon it. According to the classification scheme, this display would be described as a beam addressed swept volume display unit employing the rotational motion of a passive planar screen. Alternatively, the rotating surface could take the form of an active array of opto-electronic elements [10] . Through the application of a suitable electrical stimulus (as defined by the voxel activation subsystem), each of these voxel generation centers could give rise to multiple voxels during each cycle of motion. As is apparent from Fig. 1 , swept volume display units employing a passive voxel generation subsystem are implicitly beam addressed and systems employing an active array of discrete voxel generation centers are directly addressed. Static volume systems may incorporate both passive and active voxel generation techniques. Voxel generation via a two step excitation process [11] , [12] , [13] within the region of two intersecting beam sources may be achieved in gaseous or nongaseous medium and such display units would be described as beam addressed static volume systems employing passive gaseous and passive nongaseous media, respectively. The inclusion of the particle cloud or suspension category allows the incorporation of a display units that may employ, for example, a suspended cloud of phosphor particles [14] .
IMAGE SPACE PREDICTABILITY
The voxel activation capacity is defined as the total number of voxels that may be activated during each image refresh period and may be expressed by:
where denotes the time required to activate each voxel, f r the image refresh frequency, and the parallelism supported by the combination of voxel activation and voxel generation mechanisms. So as to maximize the voxel activation capacity, it is clearly desirable to minimize both the voxel time and the image refresh frequency. However, the minimum voxel time is limited by the techniques employed for voxel generation and activation and, in general, reductions in will result in diminished image intensity. Most volumetric displays employ transient luminescent phenomena in the voxel generation subsystem. Following the removal of the activation stimulus, activated voxels rapidly decay to the inactive state. Consequently, in order to avoid unacceptable image flicker, the minimum image refresh frequency must be greater than the flicker fusion frequency. For example, if a voxel time of 100ns and a refresh frequency of 25Hz are assumed, then, for a display unit in which voxel activation is sequential ( I), the voxel activation capacity is 400,000. The significant increase in the voxel activation capacity required in order to permit an exhaustive scan 1 (at an appropriate resolution) of a volumetric image space (of useful dimensions) can consequently only be achieved by supporting parallelism in the voxel generation and activation subsystems. In the case of the majority of display units proposed to date, technical limitations have severely restricted the parallelism in voxel activation and, consequently, this has precluded an exhaustive scan. Furthermore, so as to allow the spatial separation and form of objects to be easily discerned, the larger part of an image space must be void. It has therefore been natural to question the benefits which may be derived by exhaustively scanning (or addressing) all possible voxel locations and, in the case of systems employing beam sources for voxel activation, a dot-graphics scanning technique [15] has 1 . For beam addressed systems, it is appropriate to use the term ªexhaustive scan.º In the case of display units employing an active array of voxel generation centers, the term ªexhaustive addressingº is perhaps more intuitive. Both terms will be assumed to indicate the ability to activate all possible voxel locations during each image refresh period. most commonly been used. Display prototypes have generally provided an image space containing a large number of potential voxel locationsÐonly a fraction of which may be activated during each image refresh period. In this way, it has, in principle, been possible to permit the activation of high-density voxel clusters (and so accommodate the depiction of fine image detail) and ensure that the demands placed upon the voxel activation subsystem are largely decoupled from the image space dimensions. We refer to the possible number of voxel locations as the voxel location capacity x l and introduce a fill factor 2, which is expressed as:
Ideally, should a volumetric image component be repositioned and/or reoriented, the number and spatial distribution of voxels from which it is formed should remain invariant. In general terms, the limited resolution of any display system will preclude this objective from being fully achieved. However, in this respect, most if not all of the volumetric systems proposed to date have been particularly disappointing and extreme adverse characteristics with respect to image placement have often restricted image depiction to certain regions of the image space. Inhomogeneous and anisotropic image space characteristics with respect to voxel placement have generally precluded a Cartesian coordinate system from being ascribed to possible voxel locations and, so, it has been common practice for an operator to manually scale, reposition, and reorient an image data set in order to depict it most advantageously. Such an image space lacks predictability (particularly when used to depict dynamic image sequences) and this is undesirable as image fidelity cannot be ensured. Six major characteristics that impact upon the predictability of an image space may be identified. These are:
1. Voxel Placement: The locations at which it is possible to place voxels within the image space should represent a homogeneous and isotropic lattice. 2. Voxel Density: The density of available voxel sites should be sufficient to represent the required level of image detail throughout the image space. 3. Voxel Attribute Independence: Each voxel has an associated set of attributes, some of which may be determined by the display unit subsystems (for example, size and form) and others which may be specified within the graphics engine (for example, position and intensity). All of these attributes should be independent of each otherÐa change made to any attribute should have no impact on any other attribute. 4. Voxel Attribute Fidelity: The display unit should faithfully reproduce (to a specified accuracy) the attributes contained within each voxel descriptor (this requirement is implicit in item 3 above). 5. Voxel Dispersal: In the case of display units which do not support the maximum fill factor, the combination of voxels which may be selected for activation during each image refresh period should not be restricted by the display unit subsystems. Consequently, provided that the voxel activation capacity is not exceeded, any combination of available voxel sites (as indicated by the voxel location capacity) may be activated. 6. Optical Characteristics: The image space should exhibit homogeneous and isotropic optical properties. Furthermore, consideration must also be given to the impact of the image space boundary upon the emergent light. In general, display units developed to date have failed to satisfactorily exhibit these characteristics. As a consequence, following their implementation, it has often proven necessary to compensate for deficiencies in various image space characteristics by the manipulation of the image data prior to its depiction. The graphics engine cannot, however, compensate for any adverse optical properties of the image space medium. Both the transparency and refractive index of materials contained therein will impact upon the passage of light and may lead to variations in image quality with both viewing direction and image position. Furthermore, even if an image space is composed of an optically homogeneous material, emergent light may be refracted at the image space boundary, leading to image distortion and, perhaps, a reduction in the apparent image space dimensions.
The impact of these various considerations upon predictability may best be illustrated by considering a number of classes of display unit. The systems referred to below have been selected to best illustrate issues that are of general importance during the design process.
A Static Volume Display Unit Comprising an Array of Voxel Generation Centers
Although static volume systems employing a 3D array of voxel generation centers (for example, [16] , [17] , [18] ) may be constructed so as to demonstrate acceptable voxel placement, attribute independence, and voxel dispersal characteristics, voxel density and optical uniformity are problematic. Clearly, if an image space (of useful dimensions) is to accommodate the depiction of fine detail, a very considerable number of voxel generation centers and associated connections will be required. Unless the optical characteristics of the numerous components that must coexist in the image space are carefully matched [18] , image quality may vary according to the viewing direction. Furthermore, the clarity of an image may be affected by the depth at which it is depicted within the image space. Should the voxel generation centers be embedded within a solid material, the emergent light may undergo refraction at the image space boundary. This will impact upon the suitability of the display for applications in which the precise geometrical shape of image components is of importance.
As a consequence of the large number of voxel generation centers required in the implementation of a display of this type, voxel activation is problematic, particularly when the implementation of gray scale is considered. Connectivity between the graphics engine and the display unit may be reduced by introducing a row and column addressing technique. However, it is likely that image flicker considerations will make it necessary to reduce the fill factor and so permit only a fraction of the total number of voxel generation centers to be activated during each image refresh period. In this case, should the architecture of the voxel activation subsystem place constraints upon the spatial distribution of voxels that may be selected for activation during each image refresh period, the voxel dispersal characteristic will be compromised and, consequently, the predictability of the image space will be reduced.
A Swept Volume Display Unit Employing the Translational Motion of an Active Surface
In display units of this class, each voxel generation center is responsible for the production of multiple voxels along a linear path. The essential advantage of swept volume display units employing an active voxel generation technique over their static volume counterpart concerns the reduced number of voxel generation centers required in order to achieve the same voxel activation capacity.
Despite it being possible in principle to refresh voxels during each half cycle of the surface's motion, it is necessary for the surface to complete each entire cycle of its motion at frequencies in excess of the flicker fusion frequency [19] . Unfortunately, it has proven difficult to develop the mechanical drive systems required to sweep out an image space of useful dimensions at such a high frequency.
In principle, a display unit of this type offers homogeneity and isotropy with respect to voxel placement (the output of voxel descriptors may be matched to the surface's velocity profile) and may be constructed so as to exhibit satisfactory voxel density requirements. Since the fill factor may be 100 percent, no constraints are placed upon voxel dispersal. Furthermore, since the refractive index of the image space will be the same as that of the surroundings, refraction at the image space boundary may be avoided. (However, some refraction may still occur if an outer protective vessel outside the image space is employed.) The translational motion employed for image space creation limits the range of viewing position (essentially to the ªfrontº and ªrearº)Ðhowever, for many applications, this may be acceptable.
A Swept Volume Display Unit Employing the Rotational Motion of an Active Planar Surface
The practical difficulties of implementing the image space creation subsystem by means of translational motion has led to the adoption of rotational movement in the majority of swept volume display units proposed to date. Should the rotating surface extend symmetrically on either side of the axis of rotation, it is possible to refresh each voxel twice per revolution and, in this case, the minimum rotational frequency may be one half of the flicker fusion frequency. At least one display unit of this type has utilized an active array of voxel generation centers [10] . In general terms, the characteristics associated with this class of display unit are as follows:
1. The image space contains a singularity around the central rotational axis and, in this region, voxels cannot be located. In extreme cases, image components may momentarily disappear when passing through this singularity.
The linear velocity of the surface varies in proportion
to the distance from the axis of rotation. This impacts upon intervoxel spacing in the direction of the surface's motion and will result in a lack of homogeneity and isotropy with respect to voxel placement. Furthermore, depending upon the time required for voxel activation coupled with the time for which each voxel remains visible after the removal of the activation stimulus, this may cause voxels located at greater distances from the axis of rotation to become increasingly elongated. 3. The image space is of low physical density. 4. No constraints are intrinsically placed upon the dispersal of voxels within the image space. However, should the fill factor be less than 100 percent, then the voxel dispersal characteristic will be compromised due to the motion of the surface. 5. The refractive index of the image space approximates that of the surroundings and, therefore, refraction effects at the image space boundary may be minimized. In principle, display units of this type offer considerable freedom in viewing orientation. However, in practice, unless careful consideration is given to the mechanical and optical characteristics of the rotating surface, image quality is likely to vary with viewing orientation. In the case of any swept volume display, the surface may be considered to consist of two componentsÐthe voxel generation subsystem (a passive or active surface of emission) and the necessary supporting structure. Mechanical rigidity is critical to ensure image stability. The introduction of a center shaft as a means of support increases the extent of the singularity referred to above and may obscure parts of images when they are viewed through the central region. Ideally, so as to minimize the extent of the visual dead zone 2 (which may occur when light emitted by the surface of emission undergoes total internal reflection within the supporting structure), the thickness of the supporting structure should be minimized (see Fig. 3 ). The extent of the visual dead zone may also be increased by the form of the individual voxel generation centers themselves, which may obstruct the passage of light in certain directions.
A Swept Volume Display Unit Employing the Rotational Motion of a Passive Surface
In the majority of cases, swept volume display unit prototypes have employed the rotational motion of a passive surface of emission (either planar or helical in form). In general, the use of a passive voxel generation technique (for example, a phosphor coating or light scattering surface) results in surfaces whose optical characteristics are superior to systems employing an array of active voxel generation centers. With the exception of issues relating to voxel dispersal, the general characteristics of this class of display unit are similar to those listed in Section 3.3.
The major differences between these two approaches are outlined below.
Image Space Dead Zones
The constantly varying geometry between the surface and the stationary beam sources will give rise to regions of the image space within which one or more voxel attribute cannot be satisfactorily reproduced. We refer to regions of this type as dead zones [20] , [21] . The extent of these regions is dependent upon the required performance of the system (as indicated by the voxel placement, density attribute independence, and attribute fidelity characteristics). It is possible to identify a number of types of dead zone [19] . These include:
. Distortional dead zones (affecting voxel size/shape): The size and/or shape of the individual voxels deviates too greatly from the ideal. As a consequence, their brightness may also be affected. . Voxel placement dead zone (affecting precision of voxel addressing): The spatial accuracy at which voxels can be addressed falls below a desired value. The severity of these types of dead zone may be reduced by introducing a plurality of beam sources, each of which is responsible for voxel activation within a limited region of the image space. Unfortunately, this gives rise to problems relating to the registration of the beam sources with respect to each other. Alternatively, display units have been proposed in which the beam sources (or the beam deflection apparatus) co-rotate with the surfaceÐand, hence, the geometry between the beam sources and the surface remains fixed [22] , [23] .
Subsystem Coupling
As a consequence of the difficulties of achieving acceptable registration between multiple beam sources, beam addressed swept volume display units have generally been restricted to sequential activation ( I). Consequently, the ability to activate a voxel at a required location may be dependent upon the spatial distribution of previously activated voxels. That is, parts of an image may be lost, depending upon the voxels that have already been depicted. This reduces the predictability of an image space and arises as a consequence of a coupling between the temporal characteristics of the three subsystems. The problem may be illustrated by considering a particular prototype of the CRS in which voxels are activated sequentially. Each voxel descriptor includes two orthogonal beam deflection angles and the position of the surface of emission. Measurement of the speed of the surface permits the latter to be mapped into the temporal domain and so denote the time at which the voxel must be activated in order that it is created at the required location. Since voxel activation occurs sequentially, two or more voxels cannot be activated at the same angular location. Furthermore, as a consequence of the finite time required for the voxel activation subsystem to stimulate the voxel generation process, compounded voxel positioning errors may occur.
This problem may be ameliorated by the division of the image space into a series of sectorsÐeach voxel being mapped (according to its angular value) into the most appropriate sector. The order in which voxel descriptors contained within a sector are output to the display unit may be random or an approximate ordering technique may be adopted so as to maximize the efficiency with which they can be activated and so ensure that sectors contain the greatest possible number of voxel descriptors [15] . Unfortunately, not only does this approach give rise to errors in voxel positioning (the magnitude of which increases with distance from the axis of rotation), but if may also lead to the arbitrary loss of data from an image as sectors become overpopulated.
In terms of the voxel dispersal characteristic introduced previously, it is apparent that the coupling between the display unit subsystems restricts the combination of voxels that may be selected for activation from the potential voxel locations defined throughout the image space. Due to the sequential voxel activation process, this class of display unit exhibits a small fill factor (typically less than 10 percent) and the total number of voxels which may be activated during each image update frame (as indicated by the voxel activation capacity) must be dispersed throughout the image space volume.
Beam Addressed Static Volume Display Units Employing a Passive Medium
Considerable work has been undertaken in the implementation of systems of this type and, most commonly, the process of the two step excitation of fluorescence has been employed for voxel generation. Alternative approaches have utilized photochromic and thermochromic materials [24] . These various techniques give rise to an image space which is optically homogeneous and which therefore Fig. 3 . Illustration of the effect of the thickness and optical properties of the screen supporting structure on the existence of a visual dead zone. Light emitted into the supporting structure at incidence angles i close to H maintains it emitted direction. Light emitted at larger incidence angles and that for which i is greater than the total internal reflection angle i s , no longer travels directly from the voxel. The portion of the image space corresponding to a view in line with the screen is subject to image distortion and reduction in intensity.
demonstrates favorable characteristics regarding the propagation of light from each activated voxel location. However, in the case of systems that employ a nongaseous material, boundary refraction may still cause unacceptable image distortion. Furthermore, the image space density will be high and, consequently, the resulting systems may not be easily moved. The use of gaseous material for voxel generation would therefore appear to be preferableÐ however, to date, the maximum achievable voxel intensity has been inadequate [25] .
For display units that permit voxel activation at the intersection of two directed beams, the voxel placement and voxel attribute independence characteristics are dependent upon the positioning of the beam sources and the physical extent of the image space [19] . Furthermore, as with the beam addressed swept volume display unit described in Section 3.4, the ability to activate a voxel at a particular location within the image space may be determined by the location of previously activated voxels. For systems employing the two step excitation of fluorescence, this problem arises as a consequence of the finite lifetime of the intermediate excited state (see Fig. 4 ). As beam 1 propagates through the image space medium, the material is excited to this state all along the path of the beam. Should the activation of subsequent voxels necessitate the propagation of beam 2 through regions of the image space in which significant numbers of fluorescent centers have not returned to their ground state, unwanted ªghostº voxels may be visible. As the voxel activation capacity is increased (so as to increase the fill factor), this problem becomes more acute and adverse voxel dispersal characteristics will ensue. Ultimately, it may be necessary to optimize the order in which voxels are activated, although this will increase the computational overhead.
For systems employing photochromic materials, a similar (although perhaps more acute) problem occurs and is caused by the opacity of voxels which are in the active state and through which the activation beam cannot propagate without attenuation. Previously activated voxels may therefore prevent the passage of the activation beam and thereby make it impossible to activate a voxel at a certain location.
Impact of Display Unit Subsystems upon Image Space Predictability
In Table 1 , an indication is provided of the ability of each class of display discussed above to exhibit various characteristics which impact upon image space predictability. For clarity, we have chosen to assign to each a figure of merit ranging from 0 to 2 to each image space characteristic as follows:
Figure of merit = 2: Although dependent upon the particular embodiment, this class of display may, without undue architectural complexity, perform well in meeting the image space characteristic.
Figure of merit = 1: This class of display does not perform well in meeting the image space characteristic. However, through the use of additional hardware and/or software (which may give rise to an acceptable reduction in performance), the characteristic may be satisfactorily achieved.
Figure of merit = 0: This class of display does not perform well in meeting the image space characteristic. This is caused by underlying deficiencies in one or more of the display unit subsystems and it is unlikely that additional hardware and/or software could be satisfactorily employed to obtain the required improvement.
In the assessment of any class of display unit or of any specific display unit architecture, many factors must be considered. It is readily apparent that display units which are able to support parallel voxel activation score more highly than do those in which voxel activation is essentially sequential (beam addressed systems). However, a significant advantage associated with the latter is not indicated. In the case of display units employing an array of voxel generation centers, the extent of the array is directly linked to the dimensions of the image space and this may ultimately restrict the volume of the image space. However, in the case of beam addressed display systems, larger image space volumes are practicable and the implementation costs somewhat lower.
In Table 1 , consideration is given only to issues which relate to particular image space characteristics and, therefore, the overall indicator entry describes only one aspect of the system performance and should not be considered indicative of total system performance. For example, although the swept volume display unit employing an array of voxel generation centers scores most highly in this limited assessment, the practical difficulties associated with the implementation of a display unit of this type must also be considered. Furthermore, since the range of viewing position is limited, it is natural to question the merits of this approach above the varifocal mirror technique.
DISCUSSION
A wide range of approaches may be adopted in the implementation of volumetric display units. However, once realized in prototype form, the interdependence of the three subsystems often makes subsequent modification difficult. Consequently, it is essential to clearly understand the factors which combine to determine the overall system performance and the perceived image qualityÐthereby permitting an advance assessment of the detailed characteristics of a particular architecture.
Despite being the subject of active research for more than 90 years, most, if not all, of the display units proposed to date have demonstrated unacceptable image placement characteristics and/or adverse optical properties. This has led to systems whose predictability could not easily be defined and has, we believe, been a major factor in preventing the majority of architectures from being developed beyond the experimental prototype stage.
In principle, the static volume display unit employing an array of voxel generation centers described in Section 3.1 provides a homogeneous and isotropic image space. If issues relating to the difficulty of addressing the large number of elements required in order to implement a useful image space are overlooked, a display unit of this type could exhibit a fill factor of 100 percent. Should the fill factor be significantly less than this, then, provided that constraints are not imposed by the voxel activation subsystem upon the combinations of voxel generation centers which may be addressed during each image refresh period, the image space would remain predictable. However, in the case of techniques such as the beam addressed swept volume display unit discussed in Section 3.4, the temporal nature of the image space creation subsystem coupled with the sequential manner in which voxels are activated imposes constraints upon the location of combinations of voxels which may be activated. As a result, the number of voxels which may be activated during each image refresh period (as indicated by the voxel activation capacity) must be dispersed throughout the image space in the direction of motion of the rotating surface. When compounded with the inhomogeneous and anisotropic voxel placement characteristics, this lack of image space predictability and the importance of the voxel dispersal characteristic become clearly apparent.
In Section 3.3, a swept volume display unit employing the rotational motion of an active surface is described and, in principle, this configuration can offer a 100 percent fill factor, thereby ensuring that this class of display places no intrinsic limitations upon voxel dispersal. Should the density of voxel generation centers be sufficient, it is [19] . Both the beam addressed swept volume display unit employing a passive surface and the static volume architecture employing a passive medium (and utilizing the two-step excitation of fluorescence in the voxel generation process) exhibit undesirable voxel dispersal characteristics. However, in each case, this arises for different reasons and the effect of increasing the fill factor (by increasing the voxel activation capacity) does not impact in the same way. For the swept volume system, increases in the fill factor will result in improved voxel dispersal characteristics and, in the case of the static volume display, the opposite is the case. This particular static volume display implementation is, however, unusual and a greater fill factor is generally desirable.
The objective of accommodating a 100 percent fill factor does not suggest that a high percentage of available voxel locations will necessarily be activated during any image refresh period (should an image space become cluttered, spatial information will not be easily discerned), but is intended to overcome voxel dispersal constraints. However, in order to implement the exhaustive addressing of an image space, parallelism must be supported by both the voxel generation and voxel activation subsystems.
Despite the lack of image space homogeneity and isotropy demonstrated by certain classes of display unit (such as swept volume systems employing the rotational motion of a passive surface), their continued development is of vital importance. They provide flexible cost effective experimental platforms upon which ideas for future predictable display systems may be evaluated and a means to assess the suitability of volumetric systems to various applications. Furthermore, should it be possible to support parallelism within the voxel activation subsystem, their image space characteristics would be considerably improved.
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